Hepatitis A vaccination stimulates memory cells to produce an anamnestic response. In this study, we used a mathematical model to examine how long-term immune memory might convey additional protection against clinical/icteric infections. Dynamic and decision models were used to estimate the expected number of cases, and the costs and quality-adjusted life-years (QALYs), respectively. Several scenarios were explored by assuming: (1) varying duration of vaccine-induced immune memory, (2) and/or varying levels of vaccine-induced immune memory protection (IMP), (3) and/or varying levels of infectiousness in vaccinated individuals with IMP. The base case analysis assumed a time horizon of 25 y (2012 -2036), with additional analyses over 50 and 75 y. The analyses were conducted in the Mexican public health system perspective. In the base case that assumed no vaccine-induced IMP, the 2-dose hepatitis A vaccination strategy was cost-effective compared with the 1-dose strategy over the 3 time horizons. However, it was not cost-effective if we assumed additional IMP durations of at least 10 y in the 25-y horizon. In the 50-and 75-y horizons, the 2-dose strategy was always cost-effective, except when 100% reduction in the probability of icteric Infections, 75% reduction in infectiousness, and mean durations of IMP of at least 50 y were assumed. This analysis indicates that routine vaccination of toddlers against hepatitis A virus would be cost-effective in Mexico using a single-dose vaccination strategy. However, the cost-effectiveness of a second dose depends on the assumptions of additional protection by IMP and the time horizon over which the analysis is performed.
Introduction
Hepatitis A Virus (HAV) affects more than 126 million people worldwide annually according to the World Health Organization (WHO). 1 It is transmitted mainly by the fecal-oral route, either by direct contact with an infectious person or by ingestion of contaminated food or water. 1 The probability of developing a hepatitis A icteric infection (i.e., jaundice) increases with age (see supplemental text for further detail). Furthermore, the probability of hospitalization and death, given an icteric infection, increases with age. 2 As such, an acute hepatitis A viral infection is usually asymptomatic in young children and remains undiagnosed due to lack of jaundice. Older children and adults with acute infections, however, may have a mild infection or, may develop serious complications.
In regions of high endemicity, nearly all children become infected early in life, and therefore most cases are asymptomatic. Consequently, vaccination is not recommended by the WHO in countries with high endemicity. 1 In regions of moderate endemicity, the mean age of HAV infection increases leading to an increase in the number of symptomatic cases, i.e., as the clinical severity of hepatitis A increases with age. Therefore, the WHO recommends that vaccination against HAV should be integrated into the national immunization schedule for children aged 1 y if there is a change in the endemicity of hepatitis A from high to intermediate, and after consideration of cost-effectiveness. The WHO concluded that national immunization programs may consider inclusion of single-dose inactivated hepatitis A vaccines in immunization schedules. 1 Nevertheless the WHO recommended that until further experience has been obtained with a single-dose schedule, a 2-dose schedule is preferred, in for example, immunocompromised individuals.
Vaccine-induced immunity is typically evaluated by means of the antibody titer. 3 However, The International Consensus Group on Hepatitis A Virus Immunity concluded that the underlying immune memory provides protection far beyond the duration of anti-HAV antibodies. 4 Several studies have demonstrated that exposure to a challenge dose of hepatitis A stimulates memory cells to produce an anamnestic response. 5, 6, 7 Ott and Wiersma performed a literature review which included a summary of the available evidence on long term seropositivity rates (SPR) for a single dose of hepatitis A.
There were limited data on long-term protection (i.e., beyond 6 y) with a single dose of hepatitis A. One study included 26 adult travelers who received a booster dose 98-128 months after the primary vaccination. 9 53.8% of subjects had protective levels of anti-HAV antibodies (10 mIU/ml) pre-booster compared with 100% post-booster dose, supporting the hypotheses that the initial vaccination introduced immunological memory. While antibodies are proficient at preventing infection, cellmediated immunity typically responds to pathogens once they have infected cells, leading to improved disease control and consequently less severe diseases. These studies indicating a single hepatitis A dose is sufficient to establish a long-lasting immune memory response lead to questions concerning the need for further vaccine doses.
In 2005, the Argentinian National Ministry of Health, in agreement with national experts, introduced a single dose of inactivated hepatitis A vaccine at 12 months of age. 10 Several studies have reported the success of the 1-dose program, such as the decline in HAV-associated fulminant hepatic failures and liver transplants in children. 11 However there are limited data on long-term protection (i.e., beyond 6 y) with a single dose of hepatitis A. 12 In contrast, longitudinal observed data of antibody levels over a period of 17 y, supplemented by a kinetic model of antibody decline suggest that vaccine-induced immunity will persist for decades after a 2-dose series. 13, 14, 15 To date cost-effectiveness models of vaccination against hepatitis A have focused on disease prevention only. In this study we examined how vaccine-induced long-term immune memory might convey additional protection against clinical/ icteric infections using a mathematical model. We explored various scenarios by assuming: (1) varying duration of vaccineinduced immune memory, (2) and/or varying levels of immune protection, (3) and/or varying levels of infectiousness in vaccinated individuals with IMP. Mexico was chosen as the country for this analysis as recent seroprevalence studies indicate that the seroprevalence pattern for HAV has shifted from high to intermediate endemicity levels. 16 This analysis may assist policy makers to evaluate the public health impact and cost-effectiveness of 1-dose versus 2-dose of hepatitis A vaccination in terms of prioritization in a limited resource environment. Figure 1A shows the projected incidence of icteric HAV infections over time, assuming a 50% reduction in the risk of icteric infections and a 50% reduction in infectiousness using a 2-dose schedule and different mean durations of IMP. A rapid decline in the incidence of icteric infections over the first 20 y after vaccine introduction was projected, with a subsequent increase over the next 60 y. During this period the assumptions surrounding IMP have limited impact. Similarly, Fig. 1B presents the results for a 1-dose vaccination schedule. It is noteworthy that, during the first 10 y after vaccine introduction, the reduction in incidence is similar to the outcome of the 2-dose schedule. Thereafter, the incidence is highly dependent on the assumptions regarding IMP. If no additional IMP is assumed then the projected incidence increases to values higher than a no vaccination strategy after approximately 60 y. Similarly, if a mean duration of IMP of 10 y is assumed, the projected incidence increases to values higher than a no vaccination strategy after approximately 70 y. The best results (i.e., with a mean duration of IMP of 50 y), in terms of reduced incidence, observed with a 1-dose strategy, are not as good as the worst scenario with a 2-dose strategy (i.e., with a mean duration of IMP of 0 y).
Results
The results in Fig. 1 should be put into context. For example, not much variation is seen over time in the HAV incidence in the no vaccination strategy. However, much is happening over the 100-y time period, i.e., changing demographics, and an age shift in the mean age of icteric infection due to decreased transmission. Table 1 presents mean age of icteric infection for the 3 vaccination strategies assuming no additional IMP protection. In the no vaccination strategy the mean age of icteric infection shifted from 11.4 y in 2012 to 20.8 in 2086. The age shifts are greater in the 2-dose strategy compared to the 1-dose strategy. Table 2 presents the outcomes averted for 1-dose and 2-dose vaccine strategies compared with no vaccination using the same assumptions as in Fig. 1 . The 1-dose strategy over a 25 y time horizon, assuming IMP durations of 10 to 50 y, progressively resulted in more icteric cases averted, lower costs (i.e., cost savings) and greater QALY gains. The 50-y time horizon offered similar results. However, a negative impact of the age shift was observed for a longer time horizon (i.e., 75 y). For example, assuming no IMP, the 1-dose strategy resulted in a reduction of approximately 8.3 million icteric cases and 560,350 reported icteric cases, but led to more hospitalizations and greater number of deaths compared with a no vaccination strategy. Assumptions of longer IMP durations improved the results (see Table 2 , the increased number of hospitalizations averted) but even with a mean duration of 50 y IMP, a greater number of deaths were projected.
A 2-dose strategy leads to more consistent results between scenarios (see Fig. 1 and Table 2 ). For example, the total number of deaths averted ranged from 1,630 to 4,767. While this strategy was never shown to be cost-saving it was always costeffective compared with a no vaccination strategy (ICUR range: 8,034 to 14,829 MXN/QALY). Table 3 presents the ICURs comparing a 2-dose vs. a 1-dose strategy. In the base case, assuming no IMP, the "2-dose" strategy is cost-effective (i.e., less than the Mexican threshold of 132,465 MXN/QALY) compared with a 1-dose strategy over the 3 time horizons. 17 However, focusing on the 25-y time horizon, it is no longer cost-effective if we assume additional IMP durations of at least 20 y, assuming a 50% reduction in the probability of icteric infections / 50% reduction in infectiousness. Exploring longer time horizons, i.e., 50 and 75 y, the 2-dose strategy is always cost-effective compared with the 1-dose strategy. Fig. 2 explores a more optimistic scenario using a 1-dose schedule as compared with Fig. 1B , i.e., assuming 100% reduction in the probability of icteric infections / 75% reduction in infectiousness. It may be seen that incidence rates are lower for the various curves, i.e., assuming a mean IMP duration from 10 to 50 y. Under the scenario of a mean IMP duration of 50 y, the curve is quite similar to that presented for a 2-dose schedule assuming no IMP. Table 4 presents the outcomes averted for the 1-dose and 2-dose vaccine strategies compared with no vaccination using the same assumptions as in Fig. 2 . Although the results demonstrated an improvement from the Table 2 results, particularly for the 1-dose strategy, i.e., there was always a reduction in hospitalizations, assuming an IMP of at least 10 y, a negative impact on deaths was observed over a 75-y time horizon over shorter durations of IMP, e.g., 10 and 20 y.
The 2-dose strategy again led to more consistent results. For example, the total number of deaths avoided ranges from 1,630 to 6,967 (ICUR range: 7,189 to 14,829 MXN/QALY). Comparing the ICURs for the 2-dose versus the 1-dose strategy (see Table 3 ), the 2-dose strategy was not cost-effective, assuming an IMP of at least 10 y over a 25-y time horizon or an IMP of at least 50 y over a 50-y time horizon. However, the 2-dose strategy was always cost-effective over a 75 y time horizon.
Discussion
A systematic review suggested that universal hepatitis A vaccination of infants, children and adolescents in middle-income intermediate endemicity countries (e.g., Argentina, Brazil, Chile, China and Egypt) is cost effective. 18 In this paper we explored the potential impact of HAV vaccine immune memory on the modeled reduction of hepatitis A disease in vaccinated subjects.
After vaccination, as circulating serum antibodies decline over time, exposure to the HAV stimulates memory T-cells to produce an anamnestic response (similar to that observed in challenge dose studies). 13 Memory T-cells are a subset of antigen-specific T-cells that persist for a long time after hepatitis A vaccination. 19 Upon re-exposure to hepatitis A, the induced memory T-cells quickly expand to orchestrate an anamnestic humoral response. 19, 20 This immune response may not be able prevent a hepatitis A infection but most likely infectiousness and the probability of an icteric hepatitis A infection are reduced. Furthermore, in a recent study, the authors concluded that a single dose of inactivated hepatitis A vaccine promotes HAV-specific memory cellular response similar to that induced by a natural infection. 21 Traditionally, SPR rates have been assessed using cut-off levels of 10 mIU/ml and 20 mIU/ml. Hatz et al. presented SPR rates at 98-128 months, after receiving the primary dose, of 80.8%, 53.8% and 50.0% assuming cut off values of 6, 10 and 20 mIU/ml, respectively. Studies of passively transferred antibodies have shown that even antibody concentrations just above the detection cut-off are associated with an absence of clinical infection. 22, 23 The SPR values presented by Hatz et al. using a 6 mIU/ml cut-off value are similar to the efficacy estimates, for a single-dose, at 10 y included in our model (i.e., 82.6%). Van Effelterre et al. previously investigated the impact of assumptions of waning of vaccine efficacy on epidemiological outcomes in Mexico. The subsequent paper of Carlos et al. 2015 presented a scenario analysis with various assumptions regarding waning of single-dose efficacy after 10 y (i.e., 0.62%, 1%, 1.5%, 1.75%, 2.67%) from a cost-effectiveness perspective. 19 The scenario analysis suggested that when the waning rate was 1% from year 11 onwards, the single dose lead to cost savings when compared with no vaccination. Assuming a lower waning rate of 0.62% resulted in a 2-dose schedule not being cost-effective when compared with a single dose. Higher waning rates for single-dose, from year 11 onwards, always lead to the 2-dose schedule being cost-effective when compared with a singledose. In this analysis we use the base case assumption of 2.67% waning after 10 y with a single-dose.
The results for a 1-dose vaccine strategy appear promising especially over a short time horizon (e.g., 25 y) even without additional IMP assumptions. However, exploring a longer time horizon (i.e., 75 y), with a 1-dose strategy, may result in more deaths than a no vaccination strategy. This is primarily observed because of the age shift in the mean age of icteric infections and an associated increase in disease severity in older adults. However, if one assumes that IMP duration lasts, on average, for 50 y or more, then a 1-dose strategy assuming a 100% reduction in the probability of icteric infections and a 75% reduction in infectiousness in vaccinated subjects would lead to an overall reduction in the number of hepatitis A deaths and cost savings.
Many economic analyses of at-birth vaccination strategies are carried out over a lifetime time horizon. Based on the shorter time horizon, a 1-dose vaccination strategy may appear to be the most attractive option. However, economic analyses should take into account both the short and long-term impacts of an intervention. The 2-dose vaccination strategy offers more certainty over a longer period of time, especially related to hospitalizations and deaths. In addition, there are substantial data Table 2 . Outcomes comparing "1-dose" and "2-dose" vs. "no vaccination," assuming immune memory protection (IMP) with a 50% reduction in the probability of icteric Infections / 50% reduction in infectiousness in vaccinated subjects who subsequently develop hepatitis A. demonstrating that 2-dose of hepatitis A vaccination offers protection against HAV lasting decades. A recent modeling study, based on 17-20 y actual data, predicted that 90% of subjects would remain seropositive 40 y after vaccination with a 2-dose schedule. 24 However, much uncertainty surrounds the duration of protection offered by a 1-dose schedule, i.e., almost no data are available.
Argentina's Ministry of Health implemented universal hepatitis A vaccination with a single dose schedule at 12 months of age. 11 As much uncertainty remains concerning the duration of protection with a 1-dose schedule, it is imperative that appropriate monitoring systems are in place. 12 In addition to seroprevalence studies, it will be particularly important to monitor the impact on clinical events such as hospitalizations, fulminant disease, liver transplants and deaths related to hepatitis A. As was shown in Tables 2  and 4 , although there may be large reductions in the overall number of reported icteric infections after vaccination with a 1-dose schedule, this could still potentially translate into increased numbers of hospitalizations and deaths compared with a no vaccination strategy. On the other hand, there may be a dramatic increase in the number of infections over time due to antibody decline after vaccination. However, if the IMP assumption is upheld, many of these infections may either be asymptomatic or anicteric or even icteric hepatitis A cases that remain unreported due to the mild nature of the infection. In either situation it will be important to ensure that proper surveillance systems are put in place to monitor not only the presence of infections but to assess the type and severity of infections.
As Argentina was the first country to introduce a 1-dose universal hepatitis A vaccination, many other countries (in particular in the Latin American region) are waiting to see the public health impact of this strategy over time. If this strategy continues to show promising results then other countries will most likely follow suit.
In this modeling exercise we chose to use the assumption that coverage for the 1-dose schedule was 80%. This may be conservative. For example, Cervio et al. reported coverage rates of 98% in Argentina in 2006 for 1 dose of hepatitis A vaccine. 11 Consequently, the results observed in Argentina are more impressive than those presented here for 1-dose (see Fig. 1B ). Cervio et al. reported that no cases of fulminant hepatitis failure cases related to hepatitis A were reported from November 2006-December 2008. 11 We also assumed that the coverage for the second dose was 85% of the first dose (i.e., 68%).
The current analysis has a number of limitations. First, the initial dynamic model was calibrated on epidemiological data at a time prior to vaccination when most infections took place at younger ages (i.e., <20 y of age). The data are therefore not very informative about the contact pattern (e.g., who acquires infection from whom) for HAV transmission, especially in older individuals. In particular, the lower transmission in individuals above 20 y of age in the transmission model reflected that youngest individuals were probably the most influential source for HAV transmission in Mexico (both in terms of being Table 4 . Outcomes comparing "1-dose" and "2-dose" vs. "no vaccination," assuming immune memory protection (IMP) with a 100% reduction in the probability of icteric infections / 75% reduction in infectiousness in vaccinated subjects who subsequently develop hepatitis A. infectious to HAV and being susceptible to be infected by HAV), given the main fecal-oral route of transmission. However, the high level of uncertainty about the role of adults in HAV transmission has to be acknowledged, as the magnitude of the contribution of adults to HAV transmission is not well known. Further data on the long-term impact of a single-dose of HAV is required.
Methods
A previously published dynamic model of hepatitis A in Mexico was adapted to account for a hypothetical efficacy against icteric infection, called immune memory protection (IMP) in the sequel. 25 The original model was adapted by adding a new IMP state wherein the vaccinated individuals were partially protected by IMP after the vaccine efficacy against infection had waned. In that IMP state, the vaccinated individuals were assumed to have the same risk of being infected with HAV as the non-vaccinated individuals. However, individuals in the IMP state, if infected, have a lower risk of icteric infection and are potentially less infectious, as compared with non-vaccinated individuals. The individuals were assumed to stay in the IMP state for a variable mean duration of time (10, 20 and 50 y). See supplemental text for more detail.
In the IMP state, the probability of an icteric infection was assumed to be reduced as compared with non-vaccinated individuals, with a varying reduction of 0% and 100% by 50% increment. Similarly, individuals were assumed to be less infectious in the IMP state as compared with non-vaccinated individuals, with a reduction of 0% to 75% by 25% increment.
The vaccine efficacy against HAV infection was assumed to be an all-or-none protection against HAV infection in 97% of vaccinated individuals after dose 1 and in 99% of vaccinated individuals after dose 2. For the 2-dose schedule, the model assumed an annual waning rate of 0.12% per year during the first 25 y, and 0.62% thereafter. For the 1-dose schedule, an annual waning rate of 1.62% during the first 10 y was assumed and 2.67% thereafter (see supplemental text for more detail).
The economic analysis was conducted from the Mexican public health system perspective and the projected costs and outcomes in the total Mexican population of all ages were considered. The time horizon of the study was 25 y (from 2012 to 2036), 50 y (from 2012 to 2061) and 75 y (from 2012 to 2086). Both costs and benefits were discounted at an annual rate of 5% after the first year. All costs are expressed in 2012 Mexican pesos (MXN).
For each of the 3 alternative interventions considered (no vaccination, 1-dose HAV vaccination or 2-dose HAV vaccination), the model projects the expected number of HAV cases and the number of icteric HAV cases in each year. An icteric case may either be reported or unreported to the health system. It was assumed that 95% of unreported icteric cases require medical care and use of medical resources. All reported cases are assumed to consume medical resources. Reported cases are classified according to the type of treatment (e.g., ambulatory care or hospitalization) and clinical course (e.g., some cases develop fulminant hepatitis and liver failure, which in turn may result in a liver transplant or death). Further details regarding the economic model and key model inputs are provided in the recent publication (see Disclosure of potential conflicts of interest DC is employee of the GSK group of companies and holds stock from this entity. At the time of the study, TVE was employee of the GSK group of companies and holds shares from GSK. At the time of the study, MdR was an employee of the GSK group of companies. He is now retired from the GSK group of companies and holds stock options from this entity.
